Introduction {#sec1-1}
============

Acute spinal cord injury (ASCI) can result in severe disability. At present, clinical treatment of ASCI relies mainly on surgery, but the optimal time at which to perform surgery remains debated. We therefore examined the effects of surgery at two time points in a rat model of ASCI.

Primary spinal cord injury is often irreversible, but secondary damage can be reduced with appropriate treatment. Thus, controlling secondary injury is an important goal of ASCI surgery in the restoration of motor function. Animal experiments have shown that surgical decompression soon after ASCI can promote the recovery of spinal nerve function (Kishan et al., 2005; Shields et al., 2005). A variety of inflammatory factors are released in the spinal cord after injury, including tumor necrosis factor α (TNF-α), whose expression correlates closely with the extent of recovery from nerve injury (Ding et al., 2010; Rouleau and Guertin, 2013; Wang et al., 2014). TNF-α is a cytokine involved in systemic inflammation and stimulation of the acute phase response. It is produced primarily by activated macrophages. TNF-α is a major mediator of the inflammatory response to a variety of biologically active factors. Traumatic ASCI causes a surge in the synthesis of TNF-α at the injury site (Bock et al., 2013; Cha et al., 2013), increasing local inflammation (Yune et al., 2003; Bachmeier et al., 2007). In the present study, we detected the expression of TNF-α in a cerclage-induced animal model of spinal cord injury, and proposed a theoretical basis for the treatment of ASCI.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

One hundred clean-grade male Sprague-Dawley rats aged 13 weeks and weighing 255--376 g (323.6 ± 26.3 g) were provided by the Experimental Animal Center of Zhejiang Province in China (license No. SCXK (Zhe) 20080033). The study was approved by the Animal Ethics Committee of Yijishan Hospital Affiliated to Wannan Medical College, China. Rats were randomly and equally divided into four groups: control, model, 8-hour spinal decompression and 72-hour spinal decompression.

Preparation of ASCI models {#sec2-2}
--------------------------

Rat models of ASCI were established as described previously (Xu et al., 2011; Jones et al., 2012a). All rats were anesthetized with an intraperitoneal injection of 1% sodium pentobarbital (30--40 mg/kg). A median longitudinal incision (approximately 2.5 cm) was made above the T~13~ spinous process, using a portable X-ray machine (Siemens, Berlin, Germany) to confirm the correct position. Laminectomy was conducted at T~13~. A 5-0 silk suture (Covidien, Tyco Healthcare, USA) was passed through the gap between the anterior border of the dural sac and the posterior wall of the vertebral body, cut, and the needle was removed. One strand served as the measuring thread, and the other as the cerclage thread. Under a 10× objective (Olympus, Tokyo, Japan), the measuring thread was used to calculate the circumference (C1) of the dural sac. The length of the dural sac was measured with a waterproof digital vernier caliper (accuracy 0.01 mm). The mean spinal cord circumference for all rats was 7.82 mm (range, 6.62--8.97 mm). The target circumference after cerclage (C2) was calculated as C1 × ![](NRR-10-219-g001.jpg). The spinal cord was then ligated at T~13~, and the cross section of the dural sac was compressed to 70% of the original cross section.

After model induction, the paraspinal muscles, fascia and skin incision were sutured under sterile conditions.

Rats in the control group underwent only laminectomy.

Spinal decompression {#sec2-3}
--------------------

After establishment of the ASCI model, decompression surgery was performed 8 or 72 hours later by removing the cerclage suture. Animals in the model group did not undergo decompression surgery. All animals received postoperative care and manual bladder expression until the micturition reflex had returned (5--7 days).

Behavioral assessment {#sec2-4}
---------------------

At 1, 3, 7, 14, and 21 days after modeling, five rats were selected from each group. Neurological recovery after SCI was evaluated in the morning under fasting conditions and after bladder evacuation, using the Basso Beattie and Bresnahan (BBB) locomotor rating scale (Basso et al., 1995) and the inclined plane test score (Cheng et al., 1996; Rodicio and Barreiro-Iglesias, 2012). The maximum BBB score was 21 (no impairment) and lower scores indicated greater impairment in motor capacity. The inclined plane test assesses limb muscle strength, with lower scores indicating weakness. Each rat was evaluated three times, and the mean of the three measurements was taken.

Tissue collection {#sec2-5}
-----------------

After behavioral assessment, rats were deeply anesthetized and perfused with 4% paraformaldehyde *via* the left ventricle. The full-length spinal cord was removed, and 1.5 cm tissue surrounding the damage site was obtained. The tissue was dehydrated conventionally, embedded in paraffin, and serially sectioned into 4 μm thick coronal slices. Eight sets of serial sections were obtained for each spinal cord.

Hematoxylin-eosin staining {#sec2-6}
--------------------------

Three sections of each group were used for hematoxylin and eosin staining (Pasyk and Hassett, 1989), and viewed under an optical microscope (Olympus). Slides were observed by two independent investigators, and morphological changes in nerve tissue were examined using Image-Pro Plus 6.0 image analysis software (Media Cybernetics, Bethesda, MD, USA).

Immunohistochemical staining {#sec2-7}
----------------------------

The remaining five sections from each group were used for immunohistochemical staining. The sections were dewaxed, hydrated, heated for antigen retrieval, treated with 3% H~2~O~2~ for inactivating endogenous enzymes, blocked in 5% bovine serum albumin, and incubated with rabbit anti-TNF-α polyclonal antibody (1:200; Wuhan Boster Biological Engineering Co., Ltd., Wuhan, Hubei Province, China) at 4°C overnight, according to the manufacturer\'s instructions. The following day, samples were incubated with the secondary antibody, biotinylated goat anti-rabbit IgG (1:100; Wuhan Boster Biological Engineering Co., Ltd.) in a wet box at 37°C for 30 minutes, and visualized using 3,3′-diaminobenzidine (Zhongshan Golden Bridge Biotechnology Co., Beijing, China) in a wet box at room temperature for 1 minute. The sections were washed three times with 0.01 mol/L PBS, for 5 minutes each time. Samples were then counterstained with hematoxylin, washed with running tap water, dehydrated through a graded alcohol series, permeabilized with xylene, and mounted with neutral resin. PBS was used in place of the primary antibody as a negative control. Cells with brown cytoplasm and/or nuclei were considered to have positive staining. Under a 400× objective, five fields of view per section were selected in the gray matter, and the number of positive cells in each field was quantified.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) {#sec2-8}
--------------------------------------------------------------------

Three sections were selected from each sample (48 sections in total). Staining was performed using a TUNEL apoptosis detection kit (Wuhan Boster Biological Engineering Co., Ltd.), according to the manufacturer\'s instructions. Apoptotic cells appeared brown under a microscope and were scattered among the gray matter. Apoptotic cells in the gray matter were counted in five fields of view per section, at 400× magnification.

Statistical analysis {#sec2-9}
--------------------

Data were analyzed using SPSS 16.0 statistical software (SPSS, Chicago, IL, USA), and expressed as the mean ± SD. Group means were compared by one-way analysis of variance. Pairwise comparison was performed using independent-samples *t*-tests. *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Decompression promoted the recovery of neurological function in rat models of cerclage-induced spinal cord injury {#sec2-10}
-----------------------------------------------------------------------------------------------------------------

The BBB and inclined plane test scores in the model group and both spinal decompression groups were lower than those in the control group (*P* \< 0.05), and significantly higher in the decompression groups than in the model group (*P* \< 0.05). Rats in the 8-hour spinal decompression group had higher BBB and inclined plane test scores than those in the 72-hour spinal decompression group (*P* \< 0.05; [**Figure 1**](#F1){ref-type="fig"}).

![Recovery of neurological function in a rat model of cerclage-induced spinal cord injury, with or without spinal decompression at 8 or 72 hours after injury.\
(A) Basso Beattie and Bresnahan (BBB) scores; (B) inclined plane test scores. *n* = 5 rats per group at each time point. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. model group; †*P* \< 0.05, *vs*. 8-hour spinal decompression group (one-way analysis of variance and independent sample *t*-test).](NRR-10-219-g002){#F1}

Decompression improved histopathological changes in rat models of cerclage-induced spinal cord injury {#sec2-11}
-----------------------------------------------------------------------------------------------------

Hematoxylin-eosin staining showed that the morphology of spinal cord tissue in rats of the control group was well defined, without bleeding, edema or neuronal necrosis, whereas in the remaining groups the day after surgery, bleeding, edema, and neuronal death were evident. The damage was most obvious in the model group. In all groups, damage gradually reduced with time ([**Figure 2**](#F2){ref-type="fig"}).

![Histopathological changes in the spinal cord of rats with cerclage-induced spinal cord injury, with or without spinal decompression at 8 or 72 hours after injury (hematoxylin-eosin staining, × 400).\
Bleeding, edema and neuronal death are apparent in the model group on day 1. Decompression noticeably reversed these pathological characteristics, which also reduced with time.](NRR-10-219-g003){#F2}

Decompression reduced TNF-α immunoreactivity in rat models of cerclage-induced spinal cord injury {#sec2-12}
-------------------------------------------------------------------------------------------------

Immunohistochemical staining revealed that TNF-α immunoreactivity was weak in the control group, but significantly higher in the spinal cord of rats from the model group (*P* \< 0.05). Compared with the model group, TNF-α immunoreactivity was signifciantly weaker in both spinal decompression groups (*P* \< 0.05). Moreover, TNF-α immunoreactivity was significantly weaker in the 8-hour spinal decompression group than in the 72-hour spinal decompression group (*P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![Changes in TNF-α immunoreactivity in the spinal cord of rats with cerclage-induced spinal cord injury, with or without spinal decompression at 8 or 72 hours after injury.\
(A) Brown staining showing TNF-α immunoreactivity (immunohistochemical staining, × 400). (B) Quantification of TNF-α-immunoreactive cells in the rat spinal cord. Data are expressed as the mean ± SD (*n* = 5 rats per group at each time point). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. model group; †*P* \< 0.05, *vs*. 8-hour spinal decompression group (one-way analysis of variance and independent-samples *t*-tests). TNF-α: Tumor necrosis factor alpha.](NRR-10-219-g004){#F3}

Decompression reduced the number of TUNEL-positive cells in the spinal cord of rats with cerclage-induced spinal cord injury {#sec2-13}
----------------------------------------------------------------------------------------------------------------------------

Few apoptotic cells were observable in the spinal cord of rats in the control group. There were significantly more TUNEL-positive cells in the model group than in the control group (*P* \< 0.05) and fewer in both spinal decompression groups than in the model group (*P* \< 0.05). The 8-hour spinal decompression group had fewer TUNEL-positive cells than the 72-hour spinal decompression group (*P* \< 0.05; [**Figure 4**](#F4){ref-type="fig"}).

![Alterations in apoptotic cells in the spinal cord of rats with cerclage-induced spinal cord injury, with or without spinal decompression at 8 or 72 hours after injury.\
(A) TUNEL expression (brown stained cells) (× 400). (B) Quantification of TUNEL-positive cells in the rat spinal cord. Data are expressed as the mean ± SD (*n* = 5 rats per group at each time point). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. model group; †*P* \< 0.05, *vs*. 8-hour spinal decompression group (one-way analysis of variance and independent sample *t*-test).](NRR-10-219-g005){#F4}

Discussion {#sec1-4}
==========

Preventing or ameliorating secondary injury remains a challenge in the treatment of ASCI. Damage caused by ASCI comprises primary mechanical damage and secondary injury. Secondary damage is mediated by multiple mechanisms including vascular factors, free radicals, excitatory amino acid toxicity, inflammation and apoptosis. Inflammation plays an important role in secondary pathological changes (Alexander and Popovich, 2009; Guimarães et al., 2009). The inflammatory response can further aggravate tissue damage, which is one of the main mechanisms leading to secondary damage after ASCI (Cheng et al., 2009).

TNF-α is produced by monocytes and macrophages. Its expression is first increased during the early stages after central nervous system injury. TNF-α upregulates the production of other cytokines (McCoy and Tansey, 2008), as well as inducing the release of arachidonic acid metabolites and lipid peroxides, increasing oxygen free radical generation, and damaging nerve cells, ultimately causing spinal cord tissue necrosis. All these factors have a damaging effect on cell membranes (Peng et al., 2006), and increases in TNF-α expression may be an important reason for the formation of edema after ASCI. Therefore, reducing nervous tissue inflammation is very important in the treatment of ASCI. TNF-α may also act as an exogenous signal to induce neuronal and glial cell apoptosis in the early stages after ASCI (Candolfi et al., 2004), by binding to its receptor, TNFR-1. The trimeric receptor binds to adaptor protein 1 and TNFR-associated death domain (TRADD). The death domain of TRADD binds to that of FADD, which transmits apoptotic signaling, activates caspase 8, and then activates downstream caspase 3, resulting in cell apoptosis (Tang et al., 2009). TNF-induced apoptosis may be mediated in part by nitric oxide (Genovese et al., 2008). TNF-α mRNA is rapidly upregulated within 3 hours of ASCI, peaking at 6 hours before decreasing after 7 days, and slowly returning to normal levels (McCoy and Tansey, 2008; Dong et al., 2010). Therefore, early detection of TNF can predict the extent of damage from ASCI. Miao et al. (2009) found that TNF-α expression was significantly elevated at 24 hours and increased further until at least 96 hours, as detected by enzyme linked immunosorbent assay. Similarly, Zhao (2010) demonstrated that TNF-α expression was elevated 1 day after ASCI, with high levels of TNF-α expression detected in spinal cord gray matter at 3 days, and remaining higher than normal levels at 7 days. Lv et al. (2008) also showed that TNF-α expression rapidly increased 6 hours after ASCI, returned to near basal levels at 24 hours, rose again at 3 days, and then diminished, but remained higher than normal levels 5 days later.

Results from a previous study on cerclage showed recovery of neurological function after ASCI (Jones et al., 2012b), with early decompression (8 hours) obtaining significantly better function than late decompression (72 hours) or no decompression. In the present study, we found fewer TNF-α- immunoreactive and TUNEL-positive cells in the spinal cord of the decompression groups, particularly in the 8-hour decompression group, than in the model group. When surgical decompression was delayed, neuronal damage increased and the number of apoptotic cells grew, correlating with poor functional recovery.

In summary, early spinal decompression surgery helps reduce neuronal injury and is conducive to functional recovery.
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